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In order to obtain the precise energy spectrum of stoichiometry-dependent deep levels, we 
apply the photocapacitance (PHCAP) method under constant capacitance conditions on the 
various p-GaAs crystals prepared by 67 h annealing at 900 “C! under excess arsenic vapor 
pressure followed by rapid cooling. The present PHCAP investigation reveals the deep 
acceptor levels at 0.48,0.7 1,0.92, and 1.02 eV above the valence band, respectively, and shows 
that these deep acceptor levels could be detected commonly in various kinds ofp-GaAs 
crystals with regardless of the sort of doped acceptor impurities and the concentrations. In 
addition, the dependencies of the level density mentioned above are also studied as a function 
of the arsenic vapor pressure being applied during annealing and of the carrier concentration. 
These dependencies of the level density are specified into three categories in conjunction with 
the carrier concentration and with the dependencies of the level density on the arsenic vapor 
pressure. From the experimental results of the present PHCAP investigation onp-GaAs and of 
the previously reported results on n-GaAs, it is shown that the excess arsenic atoms in GaAs 
crystal play a major role on the formation of stoichiometry-dependent deep levels in p-type 
GaAs crystals. 
I. INTRODUCTION 
GaAs crystals have been utilized for semiconductor la- 
sers, various optoelectronics devices, and so on. However, 
the deviation from the stoichiometric composition can be 
easily induced because of its large difference between vapor 
pressure of the components. 
Deep levels in GaAs crystal have been investigated by 
many methods for those important roles on the electrical 
and optical properties from the standpoint of the deviation 
from the stoichiometric composition. 
Watanabe, Nishizawa, and Sunagawa’ reported the 
change of electrical resistivity of FeS, crystals in view of the 
stoichiometric composition, and Nishizawa pointed out the 
importance of the stoichiometry control of compound semi- 
conductor crystals through the annealing* and crystal 
growth3 experiments under controlled vapor pressure. In the 
previous report, Nishizawa et aZ.4 suggested the existence of 
arsenic interstitial atoms in GaAs crystals from the precise 
determination of crystal weight and lattice constant. More 
recently, x-ray forbidden diffraction,” optically detected 
electron spin resonance (ESR) measurements,6 magnet cir- 
cular dichroism (MCD),’ and our Rutherford backscatter- 
ing (RBS) results8 show the existence of interstitial arsenic 
atoms between the regular lattices. Especially, many reports 
on the stoichiometry-dependent deep levels in n-type and 
semi-insulating GaAs crystals have been published more in- 
creasingly because the so-called EL2 level has been reported 
to be associated with the excess arsenic composition’ and to 
affect the electrical resistivity of semi-insulating GaAs sub- 
strates and the threshold voltage of MESFET. lo The impor- 
tance of the stoichiometry control was shown to be also valid 
even in InP. Namely, high purity InP bulk crystals with high 
mobility could be grown under an optimum phosphorous 
vapor pressure. ’ ’ 
Deep levels in semiconductors have been investigated by 
various methods, e.g., photoluminescence (PL) ‘* and deep 
level transient spectroscopy (DLTS).13 In 1967, Ito, Su- 
kegawa, and Nishizawa14 applied the photocapacitance 
(PHCAP) method to determine the level density and activa- 
tion energy of Au-related deep levels in Si by irradiating the 
monochromatic light into the depletion region of Si p-i-n 
diodes.15 Williams’6 also applied the PHCAP method on the 
electrolyte-GaAs system and revealed the midgap level in 
GaAs mainly by the transient analysis. But only the total 
amount of level density could be obtained because he irra- 
diated nonmonochromatic light into the depletion region. 
Later, similar results were also reported by Furukawa and 
Ishibashi.” Recently,lX the present authors reported on 
some stoichiometry-dependent deep levels in n-type GaAs 
crystals annealed under various arsenic vapor pressures us- 
ing the PHCAP method under constant capacitance condi- 
tion to keep the ionization of the deep levels in a certain 
depletion layer thickness. 
In this paper, the authors report the results of the 
PHCAP measurements of the stoichiometry-dependent 
deep levels inp-type GaAs bulk crystals prepared by anneal- 
ing under excess arsenic vapor pressure and rapidly cooled. 
On the deep levels inp-type GaAs crystals, several reports on 
the various transition metals’9-2’ in GaAs have been pub- 
lished increasingly, however, the stoichiometry-dependent 
deep levels have not been fully clarified yet. The present 
PHCAP investigation clarifies the impurity concentration 
and arsenic vapor pressure dependencies of each level den- 
sity, and the authors describe the idea of the origin of each 
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deep level in conjunction with the PHCAP results of our n- 
type GaAs. 
II. EXPERIMENT 
A. Measurements of the photocapacitance (PHCAP) 
The authors applied the PHCAP method on the an- 
nealed samples under the constant capacitance condition to 
determine the accurate activation energy and the level den- 
sity. As reported previously by Nishizawa, the PHCAP 
method shows many superior features compared with other 
thermal excitation methods. 
When the ion density reaches asymptotic saturating val- 
ue with monochromatic light irradiation, the photoinduced 
change of bias voltage A vph can be directly related to AN,, 
which is the density of the photoionized deep levels as the 
Eq. (11, 
AV,,, = 
AN, X w*q cJE =- 
1r2 
Ivv 
‘)c t 
(1) 
&L: LL cons, 
when the thermal emission rate can be ignored in p-type 
semiconductor samples. In the present experimental condi- 
tions, it was proved experimentally that the effect of ther- 
mally induced deionization is negligibly small in the spectral 
region below 0.76 eV at very low temperature. Here, AN, is 
nearly the ionized density of deep levels, W is the width of 
depletion layer, E is the dielectric constant, and C,,,,, is the 
junction capacitance to be kept constant during PHCAP 
measurement. 
For the precise determination of the level density and 
the activation energy of the deep levels, it should be neces- 
sary to excite the fully neutralized deep levels optically at 
each wavelength. In order to neutralize every deep level at 
each wavelength, repetitive forward carrier injection in the 
dark was performed before each photoexcitation in the pres- 
ent PHCAP measurements. The asymptotic bias voltage 
after forward current injection in the dark was obtained as 
Vdark . Almost constant value of Vdark verifies the photoexci- 
tation of almost fully neutralized deep levels at each photon 
energy. 
Sample diodes were set on the variable temperature 
cryostat with the radiation shield. The monochromatic light 
fed from a grating monochromator was irradiated into the 
depletion layer from the back of the sample diodes. Junction 
capacitance was measured by a capacitance meter and con- 
trolled to be constant by changing the bias voltage automati- 
cally according to the photoionization of deep levels. This 
results in that the width of the depletion layer could be kept 
constant during the PHCAP measurement. Therefore, the 
error in determining the level density and the activation en- 
ergy can be reduced. The precise description will be referred 
to elsewhere.” 
B. Sample preparation 
Samples used were Zn-doped liquid encapsulated 
Czochralski (LEC) grown GaAs with the carrier concen- 
tration ranging from 1.8X 10” cm - ’ to 2.9 X 10” cm - 3. 
Cd doped GaAs crystal grown by the horizontal Bridgman 
(HB) with the carrier concentration of 1.0 x lOI cm - 3 was 
also used. Annealing experiments were performed as fol- 
lows. After evacuation, c-hemically cleaned and etched wa- 
fers were sealed with the metal arsenic (6N) set apart in a 
high purity quartz ampoule connected by fine quartz tube.23 
Annealing was carried out at 900 “C for 67 h by setting the 
dumbbell-type sealed quartz ampoule in the electric furnace 
with two temperature zones ( TCaAs,TAs ). A quartz liner 
tube was also used with N, gas flow to prevent the uninten- 
tional contamination during long-time annealing at high 
temperature. Nishizawa already reportedz4 that the defect 
density reached its quasithermal equilibrium value after 67 h 
annealing. Applying arsenic vapor pressure on the wafers 
P GaAb ) was obtained from 
P GaAb = pAs x (TG~AS/~AS I"* 
where PAS is the equilibrium arsenic vapor pressure deter- 
mined by the temperature of the metal arsenic (T,, ), and 
T GaAs is the temperature of GaAs wafers. Equilibrium ar- 
senic vapor pressure used was reported by Honig.25 After 67 
h annealing at 900 ‘C, the ampoule was cooled rapidly by 
putting it into the water. X-ray and etching inspection re- 
vealed no slip lines in the wafers introduced by rapid cooling. 
Therefore, apprehension for incorporation of dislocation 
and plastically deformation induced deep levels can be safely 
ignored. Prior to the fabrication of metal-semiconductor di- 
odes, inhomogeneous surface layer was removed in about 
100,um by chemical etching. Accordingly, we measured the 
stoichiometry-dependent deep levels in the homogeneous 
bulk region of GaAs crystals in quasithermal equilibrium 
conditions. 
Sample diodes were made by electron beam evaporation 
of Al in an ultrahigh vacuum. In order to reduce the serious 
restoration of defects and reaction between metal and semi- 
conductor, sample diodes were mounted on the stems at 
nominal room temperature.*’ 
Ill. EXPERIMENTAL RESULTS 
In this paper, forward biased carrier injection was ap- 
plied in the dark to neutralize every deep level before each 
photoionization, in order to achieve the precise determina- 
tion of the level density and the activation energy of stoichi- 
ometry-dependent deep levels in p-type GaAs. As reported 
previously, the so-called photoquenching effect*’ is detected 
in n-GaAs bulk crystals with the carrier concentration be- 
low about 3 X IO” cm - 3 (Ref. 28) in a specific wavelength 
region of 1.0-l .46 eV.‘* However, inp-type GaAs bulk crys- 
tals, ion density increases monotonously by irradiating the 
monochromatic light in the whole spectral region of 0.4-l .6 
eV in the present experimental conditions. By using the con- 
ventional PHCAP method under constant bias-voltage con- 
dition, Lagowski et a1.29 reported the photoquenching effect 
in p-type GaAs crystals in combination with the gradual 
increase of ion density in a specific spectral region. But in the 
present paper, most of the emphasis is paid to the level den- 
sity spectra asymptotic to the saturation value at each wave- 
length under the constant capacitance conditions. 
Figure 1 shows the asymptotic PHCAP spectra of the 
LEC grown p-type GaAs crystal doped with Zn with the 
carrier concentration of 1.8 x lOI cm - 3 before annealing. 
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FIG. 1. Asymptotic 
PHCAP spectra of the 
LEC grown p-type GaAs 
crystal doped with Zn with 
the carrier concentration of 
1.8~10’~crn-’ at (a) RT 
and (b) represent the ion 
density (A’,,,, ) in the dark 
after forward injection and 
the ion density excited by 
the monochromatic light 
irradiation at each wave- 
length respectively. 
Figure 1 (a) represents the asymptotic ion density (Ndark ) 
spectrum after forward injection in the dark, and (b) repre- 
sents the asymptotic ion density spectrum induced by the 
monochromatic light irradiation at each wavelength. There- 
fore, Ndark represents the relative ionized density in the dark 
after forward injection before each photoexcitation. Almost 
constant NdarL means the almost fully neutralized deep levels 
before ionization by monochromatic light irradiation at each 
wavelength. Ndark changes a little in a specific wavelength 
region of about 1 .O- 1.40 eV. This error in Ndark is caused by 
the fact that a specific ionized acceptor level after irradiation 
by photons between 1.0-l 40 eV cannot be easily neutralized 
by forward injection in the dark. This phenomenon has been 
observed even in n-type GaAs bulk crystals. However, pre- 
cise description about the error on iVdark is to be referred 
elsewhere.30 
As shown clearly in Fig. 1, several deep acceptor levels 
were detected inp-type GaAs crystal at 0.47,0.71,0.92, and 
1.02 eV above the valence band, respectively. In the present 
measurement conditions, the increase of ion density is inter- 
preted to be caused by the ionization of neutral deep accep- 
tor levels or the neutralization of ionized deep donor levels. 
Therefore, the decrease of ion density at about 1.20 eV is 
caused by the neutralization of ionized deep acceptor levels 
or the ionization of neutral deep donor levels, both lying at 
about 1.20 eV below the conduction band. In this paper, the 
deep acceptor levels in the spectral range below 1.10 eV un- 
der the conduction band will be discussed. 
As described below, these deep acceptor levels were 
shown to be detected commonly in p-type GaAs crystals 
regardless of the methods of bulk crystal growth and the 
species of doping impurities. Figure 2(a) shows the asymp- 
totic PHCAP spectra of horizontal Bridgmen (HB) grown 
p-type GaAs crystal doped with Zn with the carrier concen- 
tration of 5X1016 cmW3 without annealing, and the 
PHCAP spectra of LEC grownp-type GaAs crystal with the 
same carrier concentration is also shown in Fig. 2(b) for 
reference. These PHCAP spectra were measured by adapt- 
ing the forward injection in the dark at each wavelength in 
order to neutralize every deep level before each photoexcita- 
tion. As shown in Fig. 2 clearly, four sorts of deep acceptor 
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FIG. 2. Asymptotic PHCAP 
spectra of the (a) HB and (b) 
LEC grown p-type GaAs crys- 
tals doped with Zn with the car- 
rier concentration of 5X 10lh 
cm-3 at RT. 
(b) 
levels were detected commonly in thesep-type GaAs crystals 
even with different carrier concentration and even by differ- 
ent growth methods. This results in that these deep levels 
may not associate with unintentional impurity contamina- 
tion. 
Figure 3 shows the asymptotic PHCAP spectra of HB 
grown p-type GaAs crystal doped with Cd with the carrier 
concentration of 1.0X lOI cm - 3 without annealing. The 
above-mentioned four sorts of deep acceptor levels are also 
commonly detected even in Cd doped GaAs obtained from 
another supplier. These experimental results verify that un- 
intentional impurity contamination may not associate with 
these four sorts of deep acceptor levels detected commonly 
in various p-type GaAs crystals with different carrier con- 
centration and by different growth methods. 
On the 0.48 eV + E, deep acceptor level, we could 
achieve the precise determination of optical activation ener- 
gy using even floating zone (FZ) grown p-type GaAs crys- 
ta13’ with the carrier concentration less than 1 x 10” cmP3 
without annealing. Figure 4 shows the asymptotic PHCAP 
spectra of FZ grown GaAs crystal in the spectral region of 
0.30-0.60 eV. In Fig. 4, each ion density was measured at 
intervals of 2 meV by applying the forward injection in the 
dark at each wavelength. In this measurement system, reci- 
procal dispersion is better than 2 meV in this spectral region. 
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FIG. 3. Asymptotic PHCAP 
spectra of the HB grown p- 
type GaAs crystal doped 
with Cd with the carrier con- 
centration of 1.0x 10’” 
cm-> at RT. 
As a result, optical activation energy of 0.476 eV was ob- 
tained at 70 K. 
In summary, it is shown that four sorts of deep acceptor 
levels are detected commonly at 0.48,0.72,0.90, and 1.03 eV 
above the valence band in variousp-type GaAs bulk crystals 
regardless of the methods of crystal growth, the supplier, 
and the sorts of dopant impurities. Next, the present 
PHCAP results on the carrier concentration dependencies 
of the deep level density are shown using the LEC grown 
GaAs doped with Zn with various hold carrier concentra- 
tions. 
A. Hole carrier concentration dependencies of deep 
level density 
As described above, four sorts of deep acceptor levels 
were generally detected regardless of the crystal growth 
methods or the species of dopant impurities, and were also 
revealed in LEC p-GaAs doped with Zn with the carrier 
concentration ranging from 1.8~ 10” cmW3 to 2.9~ 10” 
cm-“. Figure 5 shows the hole carrier concentration de- 
pendencies of these four sorts of deep acceptor level density 
obtained by the present PHCAP measurements under con- 
stant capacitance condition. For reference, level densities in 
FZ-GaAs 
0. 476eV / 
6 
FIG. 4. Precise PHCAP 
spectra in the spectral re- 
gion of 0.3Wl.60 eV at 70 
K. Sample: intentionally 
undoped FZ-GaAs crystal 
with the hole carrier con- 
centration of 1 x 10’” 
cm ’ at RT. 
PHOTON ENERGY (eV) 
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FIG. 5. Hole carrier con- 
centration dependencies of 
the deep level density ob- 
tained by the present 
PHCAP measurements. 
Sample: LEC grown GaAs 
crystals doped with Zn 
with various carrier con- 
centrations before anneal- 
ing. 
Cd doped HB GaAs crystal were also presented in the same 
figure. As shown in Fig. 5, level density of 0.71 and 0.90 
eV + E, increases monotonously with an increase of hole 
carrier concentration. On the contrary, the level density of 
0.48 eV + Eu shows maximum at about 5 x lO”j cm - 3, and 
then the level density decreases monotonously with increase 
of the hole carrier concentration. On the level density of 1.03 
eV + E,, data scattered a little, but showed the almost mon- 
otonous increase with increase of hole carrier concentration. 
From the experimental results mentioned above, notice 
is made that the level density versus hole carrier concentra- 
tion in GaAs:Cd crystal shows similar manner with that in 
GaAs:Zn. Accordingly, formation of these deep acceptor 
levels may not depend upon the species of group-II impurity 
atoms, but is considered to be caused by the impurity occu- 
pation of group-II atoms in Ga sublattices, which seems to 
be influenced by the deviation from the stoichiometric com- 
position of GaAs crystals. 
An apprehension is the unintentional impurity conta- 
mination from the liquid encapsulant during bulk crystal 
growth. However, this is safely removed by the present 
PHCAP results that these deep acceptor levels can be com- 
monly detected even in HB grown GaAs crystals without 
any liquid encapsulant. Another apprehension is the unin- 
tentional impurity contamination from the growth environ- 
ments, but this is also safely removed by the present PHCAP 
results that these deep levels are commonly revealed even in 
FZ grown GaAs withp-type conduction. 
B. Arsenic vapor pressure dependencies of deep level 
density 
Next, we present the arsenic vapor pressure dependen- 
cies of each level density. Samples were LEC grown p-type 
GaAs crystals doped with Zn with the carrier concentration 
of 5 X lOI cm - 3 . Annealing was performed at 900 “C for 67 
h under various arsenic vapor pressures and rapidly cooled. 
As reported previously by one of the present authors,24 the 
stoichiometry-dependent defect density reaches its satura- 
tion value after 67 h annealing at 900-l 100 “C. In addition, 
chemical etching removes an inhomogeneous layer distrib- 
uted in about 100 pm in depth from the surface. Therefore, 
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FIG. 6. Arsenic vapor pressure dependencies of the 0.48, 1.02 eV + E,, level 
density. Sample: LEC grown GaAs:Zn crystals with the carrier concentra- 
tion of 5 x 10”‘cm ’ at RT prepared by annealing at 900 ‘C for 67 h under 
various arsenic vapor pressures. 
in the present paper, we measured the stoichiometry-depen- 
dent deep levels in p-type GaAs crystals introduced by an- 
nealing under excess arsenic vapor pressure in quasiequili- 
brium condition. 
Figure 6 shows the arsenic vapor pressure dependencies 
of the level density at 0.48 and 1.03 eV above the valence 
band. These level densities decrease monotonously with the 
increase of applied arsenic vapor pressure during annealing, 
and is lower than those in virgin crystals. 
Figure 7 shows the arsenic vapor pressure dependencies 
of the level density at 0.72 and 0.90 eV above the valence 
band. These level densities increase monotonously with in- 
crease of arsenic vapor pressure. The level density at 0.72 
eV + E, is reduced by annealing compared with that of vir- 
gin crystal, but the level density at 0.90 eV + E, is enhanced 
by annealing. 
Here, we summarize the effects of arsenic vapor pres- 
sure and hole carrier concentration upon the level density at 
0.72 and 0.90 eV + E, increases monotonously with the in- 
crease of both applied arsenic vapor pressure and hole car- 
rier concentration. The level density at 0.48 eV + E, is 
shown to decrease with the increase of hole carrier concen- 
tration above 5 x 10’” cm - 3, and with the increase of ap- 
plied arsenic vapor pressure. On the level density at 1.03 
; 1d’E GaAs:Zn( 
i I- I 
ARSENIC VAPOR PRESSURE(Torr) 
FIG. 7. Arsenic vapor pressure dependencies of the 0.72,0.90 eV + E,. level 
density. Sample: LEC grown GaAs:Zn crystals with the carrier concentra- 
tion of 5 x IO’” cm - ’ at RT prepared by annealing at 900 “C for 67 h under 
various arsenic vapor pressures. 
eV + E,, data show a little scattering, but the monotonous 
increase of level density is acceptable as a function of the hole 
carrier concentration. Excess arsenic vapor pressure causes 
the obvious reduction of the level density at 1.03 eV above 
the valence band. 
IV. DISCUSSION 
A. On the deep acceptor levels at 0.48,1.02 eV above the 
valence band 
From the present results of measured PHCAP in the 
constant capacitance condition, the 0.48 eV + E, deep ac- 
ceptor level has been shown to be generally detected in var- 
iousp-type GaAs bulk crystals with different carrier concen- 
tration, different dopant impurities, and different growth 
methods. Therefore, it is considered that the 0.48 eV + E, 
level may not associate with dopant impurities nor uninten- 
tional contamination, but may be formed by the native de- 
fects in GaAs crystal. The level density at the 0.48 eV + E, 
level was shown to decrease with the increase of applying 
arsenic vapor pressure during annealing and also to decrease 
with the increase of hole carrier concentration especially 
above 5 x 10th cm - 3. When the hole carrier concentration is 
proportional to the Zn concentration in the Ga sublattices, 
the decrease of the 0.48 eV + E, level density with respect to 
the hole carrier concentration results in the formation of this 
deep level being closely associated with that ofGa sublattices 
in GaAs crystal. Then the decrease of the level density versus 
applied arsenic vapor pressure is thought to be due to the 
reduction of As vacancies, but another consideration can be 
adopted as the density of Ga vacancies, which is made by 
pushing out the Zn atoms from the Ga sublattices, is reduced 
by the introduction of excess arsenic atoms during anneal- 
ing. Indeed, as reported by Nishizawa ei al., precise deter- 
mination of specific weight and lattice constant4 revealed 
that the excess arsenic atoms are introduced as the intersti- 
tial atoms into GaAs crystals at least in its first stage of 
introduction. X-ray quasiforbidden diffraction5 and optical- 
ly detected ESR measurement@ also detected the interstitial 
arsenic atoms in the GaAs regular lattice. Reduction of the 
density of Zn atoms in the Ga sublattice is well understood 
by another present experimental results on the arsenic vapor 
pressure dependence of the hole carrier concentration (Fig. 
8). If the decrease of the hole carrier concentration with that 
ld 
GaAs : Zn 
b,------+  -YA’ 
/ ‘1 
LEC GaAs -,tw 
lo’ 10’ 
ARSENIC VAPOR PRESSURE (Torrl 
FIG. 8. Arsenic vapor pressure dependencies of the hole carrier concentra- 
tion. Sample: LEC and HB grown GaAs:Zn crystals with the carrier con- 
centration of 5 x 10’” cm ’ at RT prepared by annealing at 900 ‘C for 67 h 
under various arsenic vapor pressures. 
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of arsenic vapor pressure is due to the reduction of Zn con- 
centration in the Ga sublattice, it is suggested that at least 
the Ga vacancy-As interstitial complex will be formed by 
pushing out the Zn atoms in Ga sublattices through anneal- 
ing under excess arsenic vapor pressure. This results in the 
reduction of the density of Ga vacancies. 
In summary, it is considered that both the Ga vacancy, 
As interstitial atoms, and finally antisite arsenic atoms play a 
vital role on the formation of the deep acceptor level at 0.48 
eV above the valence band inp-type GaAs crystals prepared 
by annealing under arsenic vapor pressure. 
An apprehension is that this deep level may be intro- 
duced by the unintentional contamination during annealing 
for long time at high temperature. Indeed, Kleverman et 
al. “’ reported that the Fe acceptor level was detected at 
around 0.48 eV above the valence band in the LPE and VPE 
GaAs epitaxial layer doped with Fe by the conventional 
PHCAP transient analysis in the constant bias voltage con- 
dition. However, two kinds ofhole emission were detected at 
0.46 and 0.85 eV above the valence band at 50 K due to the 
optical transition from the valence band to the “E(Fe” + ) 
and “7’?( Fe’ + ) states, respectively, in case of Fe-doped 
GaAs crystals. The present PHCAP results show the hole 
emission only at 0.48 eV at 77 K in p-type GaAs bulk crys- 
tals, but the hole emission due to the so-called ‘T, state of Fe 
could not be detected. This eliminates the apprehension of 
the Fe contamination in annealed GaAs crystals in the pres- 
ent PHCAP results. 
On the hole emission at 1.02 eV, the level density vari- 
ation has not been clear as a function of the hole carrier 
concentration, but the level density was shown to decrease 
with the increase of applied arsenic vapor pressure. There- 
fore, similar to the 0.48 eV + Et, level, it is speculated that 
the origin of the 1.02 eV level relates at least to the density of 
the emptied Ga sublattices in p-type GaAs crystals. 
6. On the origin of 0.71 and 0.92 eV+ E, deep acceptors 
As shown in the experimental results, the level density 
at the 0.71 and 0.90 eV + E,, level is shown to increase mo- 
notonously with the increase of both the hole carrier concen- 
tration and the applied arsenic vapor pressure during an- 
nealing. These acceptor levels are considered to relate with 
at least the displaced Ga atoms or the complex defect con- 
sisting of shallow acceptor and interstitial arsenic atoms, be- 
cause these levels were detected even in Cd-doped GaAs 
crystal and the shallow acceptor level is reduced by applied 
higher arsenic vapor pressure perhaps by pushing out the Zn 
atoms from the Ga sublattices during annealing. As de- 
scribed before, the hypothesis of introduction of interstitial 
arsenic atoms in GaAs crystals is probable by many experi- 
mental results including our PHCAPIX and RBS investiga- 
tion.” 
From the experimental consideration mentioned above, 
the 0.7 1 and 0.92 + E,, levels relate to at least shallow accep- 
tor levels consisting of group-II atoms in Ga sublattice and 
excess arsenic atoms in GaAs crystal. This will also be veri- 
fied by the following correspondences of deep levels in n-and 
p-type GaAs crystals revealed by the present PHCAP inves- 
tigation, because the hole emission should be detected by the 
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PHCAP measurements after nhotoexcitation of deep levels 
in case of n-type semiconductor crystals. That is, the specific 
hole emission detected only in the course of the so-called 
photoquenching phenomenon in n-type GaAs crystals were 
clarified at just the same photo energies mentioned above. 
Next, we describe the hole emission characteristic to the 
photoquenching phenomenon in n-type GaAs bulk crystals. 
C. Spectral correspondences between n- and p-type 
GaAs crystals 
The present PHCAP investigations revealed some stoi- 
chiometry-dependent deep levels clearly common in various 
p-type GaAs crystals regardless of growth methods, carrier 
concentration, and dopant impurities. These deep levels 
were detected at 0.48, 0.71, 0.92, and 1.02 eV above the va- 
lence band, respectively, and their dependencies of level den- 
sity were also clarified as a function of the hole carrier con- 
centration and applying arsenic vapor pressure during 
annealing. However, these deep levels are not characteristic 
only top-type GaAs bulk crystals, but are also shown to exist 
even in n-type GaAs bulk crystals as follows. 
As previously reported, ” the so-called photoquenching 
phenomenon is observed by irradiating a specific monochro- 
matic light below around 110 Kin n-type GaAs crystals with 
the shallow donor concentration below about 3X 10” 
cmm3. We already reported that the photoquenching phe- 
nomenon is caused by the monochromatic light irradiation 
with the photon energy of about 1.0-1.46 eV below 110 K, 
and the amount of the photoquenching shows the clear max- 
imum at two kinds of photon energies of 1.25 and 1.41 eV at 
77 K. In addition, the thermal recovery rate of the photo- 
quenching phenomenon at 1.25 eV shows its maximum at 70 
K by the forward bias injection in the dark. In n-type GaAs 
crystals, we revealed the hole emissions detected only in the 
course of the photoquenching phenomenon. That is, the 
abrupt decrease of the ion density was induced due to the 
photoinduced neutralization of ionized levels by the asymp- 
totic PHCAP measurements from the long wavelength after 
monochromatic light irradiation. Figure 9 shows the asymp- 
totic PHCAP spectrum of the HB grown n-type GaAs crys- 
tal doped with Te (n = 4.6 x lOI cm - 3 ) measured from the 
long wavelength after 1.25 eV monochromatic light irradia- 
tion without forward injection. In Fig. 9, the neutralization 
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FIG. 9. Asymptotic PHCAP spec- 
trum measured from the long wave- 
length after the 1.25-eV monochro- 
matic light irradiation in the course of 
the photoquenching phenomenon 
without forward injection. Sample: 
HB grown n-type GaAs crystal doped 
with Te with the carrier concentration 
of 4.6X 10” cm 3 at RT. 
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FIG. 10. Asymptotic PHCAP 
spectra measured from the 
long wavelength after forward 
injection in the dark at each 
wavelength, (a) maximum ion 
density spectrum, (b) satu- 
rated ion density spectrum. 
Abrupt decrease of ion density 
is due to the so-called photo- 
quenching phenomenon. Sam- 
ple: LEC grown n-GaAs crys- 
of the ionized level was indicated by the arrows in the inset of 
the figure. From our PHCAP results, the hole emission in 
the course of the photoquenching phenomenon is commonly 
detected in various n-type GaAs bulk crystals regardless of 
the species of dopant impurities and growth methods. In 
addition, this hole emission directly relates to the photo- 
quenching phenomenon, which associates with the excess 
arsenic atoms in GaAs crystals, because the hole emission 
vanishes after completion of the photoquenching phenome- 
non. These hole emissions were detected at 0.47 and 0.72 eV 
above the valence band, respectively, which seems to corre- 
late strongly in both experiments. Besides, Fig. 10 shows 
that the threshold photon energy of the photoquenching 
phenomenon is distributed in the spectral region of 0.90-l .O 
eV with the fine structures. These optical activation energies 
for the hole emissions in n-type GaAs crystals are almost the 
same as those of deep acceptor levels detected commonly in 
various p-type GaAs crystals. 
From the experimental results mentioned above, four 
sorts of deep levels detected in p-type GaAs crystals by the 
present PHCAP measurements were shown to exist even in 
n-type GaAs crystals. This results in that these acceptor lev- 
els are not introduced by the unintentional contamination on 
impurities, but are induced by the deviation from the stoi- 
chiometric composition of GaAs crystals, mainly by the in- 
troduction of the excess arsenic atoms. 
V. CONCLUSION 
In order to achieve the precise determination of the level 
density and the activation energy of the stoichiometry-de- 
pendent deep levels in p-type GaAs crystals, the PHCAP 
method was applied to HB and LEC grown Zn or Cd doped 
GaAs crystals with various hole carrier concentration. The 
present PHCAP investigation revealed four sorts of deep 
acceptor levels commonly regardless of the growth methods 
and the species of dopant impurities, and clarified those 
changes of the level density as a function of the hole carrier 
concentration and the applied arsenic vapor pressure. The 
0.48 eV + E, level density was shown to be reduced by both 
the increase of the density of group-II atoms in Ga sublat- 
tices and applied arsenic vapor pressure. The 1.02 eV + E, 
level density increased monotonously with increase of the 
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applied arsenic vapor pressure. The 0.71 and 0.90 eV + E, 
level density was shown to increase with an increase of the 
density of group-II atoms in Ga sublattices and the applying 
arsenic vapor pressure. In addition, these optical activation 
energies of deep levels inp-type GaAs crystals were shown to 
be closely related to those of the hole emissions detected in n- 
type GaAs crystals only in the course of the so-called photo- 
quenching phenomenon. In conjunction with the PHCAP 
results in n-type GaAs crystals, it is concluded that the ex- 
cess arsenic atoms in GaAs crystals play a vital role in form- 
ing the deep levels even in p-type GaAs as well as in n-type 
GaAs. 
The precise origin of these levels have not been clear yet, 
especially the reason for the decrease of the level density with 
the increase of the arsenic concentration involves complex 
phenomenon, but these are sure to correlate with the in- 
crease of interstitial arsenics, and further experiment is to be 
continued and some will be published very soon. 
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